There is ongoing interest for evaluating the potential of renewable base stocks, such as vegetable oils, to replace petroleum oils as metal quenchants. Perhaps the most critical part of this process is characterizing and comparing the cooling and heat transfer performance of potential quenchant candidates. In this work, cooling curves of two vegetable oils, palm oil and canola oil, were obtained along with a commercially available conventional and an accelerated petroleum quenchant using the so-called Tensi multiple thermocouple probe, with emphasis on the center probe emulating a small probe concept. The lumped-parameter approach was implemented in the MATLAB environment (Mathworks Inc., Natick, MA).
Introduction
Vegetable oils and animal oils have been used as quenchants for metals for thousands of years. Historically, very little is known about quenching selection and practice prior to approximately 1500 AD [1] . Although cold water was a common quenchant, it may lead to cracking problems with brittle steels. However, it was reported at the time that these problems could be solved by mixing water and various animal and plant materials to make an "oily" or "pulpy" quenching bath. Other quench hardening processes that were reported included the following: scythes in suet, files in linseed oil and goat's blood, quarry hammers in the juice of crushed caterpillars, and the edges of steel cutting tools in a composition containing one part each of radishes, horseradish, earthworms or larvae, and billy goat's blood when the goat is in a "rut" (a quenching recipe reported to originate from the time of Pliny the Younger: 61-ca. 112 AD [2] ). MacKenzie has recently noted that the actual use of many of these quenchants, other than water, was unlikely in view of their relative inability to harden carbon steel [3] .
Perhaps the first to publish rigorous comparative quenchant analyses of a reasonably broad series of vegetable oils was Tagaya and Tamura [4] . Their work involves determination of the structural composition of a series of vegetable oils for correlation with cooling curve properties. This comparison included typical petroleum oils in use at the time. The cooling curve comparison indicated that vegetable oils as a group did not exhibit any significant film boiling behavior when compared to petroleum oil quenchants.
Recently, Carvalho et al. [5, 6] ; Belinato, Canale, and Totten [7] ; and others have similarly examined the quenching behavior of vegetable oils using cooling time and rates. These cooling curve data parameters were also compared to typical petroleum oil quenchants, and the results similarly indicated very short, if observable, film-boiling regions for vegetable oils in general when compared to petroleum oil quenchants. Furthermore, vegetable oils also generally exhibited higher cooling rates at ≤300°C. However, heat transfer data were not calculated in these studies.
More recently, Otero et al. [8] and Kobasko et al. [9] have reported heat transfer coefficient (HTC) values for various vegetable oils that were obtained using a "simplified" computational method [9, 10] . Although relatively easy to perform, this method does not readily produce vitally important continuous heat transfer profiles for a quenching medium throughout the cooling process. Such data are much more readily obtained by using an inverse method, such as the finite element methods (FEMs) utilized by many workers and recent studies involving vegetable oils reported by Kobasko et al. [9] ; Carvalho et al. [11] ; Jagannesh and Prabhu [12] ; Ramesh and Prabhu [13] ; and others who have utilized FEMs, to solve the heat transfer problem.
For much of the more recently reported work, a 12.5-mm-diameter, 60-mm-long INCONEL 600 cylindrical probe with a Type K thermocouple (TC) inserted into the geometric center was used as the probe for temperature-time data acquisition of the quenching process. The use of this single TC probe is specified in the following cooling curve analysis standards: ASTM D6200, Liščić has utilized a larger cylindrical probe that is 50 mm in diameter and 200 mm long. The ratio between length and diameter is 4:1, which ensures that the heat dissipation through both ends of the probe is negligible so that in the cross-section at half-length where the TCs are positioned only radial heat flow exists, which is a prerequisite for a onedimensional heat-transfer calculation. The outer TC (the measured data of which are used as inputs for heat-transfer calculations) is placed at 1 mm below the surface to ensure minimum damping effect of transient surface temperatures. Also, the lagging effect (because of thermal diffusivity) is minimized because of the small distance to the surface. The response time (which depends on the outer diameter) of this 1-mm-diameter TC is relatively short and the data acquisition rate is 50 points/s. The remaining two TCs are placed at the center and mid-radius on the same plane as the near-surface TC. This probe is an essential component of the heat transfer "Gradient Method" utilized by Liščić to calculate the heat transfer properties of quenching media [17] . Recently, Liščić's Gradient Methodology was used to calculate heat transfer performance of canola oil and palm oil fluids containing antioxidants for comparison to a locally produced conventional petroleum oil quenchant [18] .
MATLAB (MathWorks, Natick, MA) is a high-performance modeling program that integrates computation, visualization, and programming in an easy-to-use environment where problems and solutions are expressed in familiar mathematical notation used for technical computing; MATLAB is being used increasingly by scientists and engineers for research, development, and analysis [19, 20] . Ackerman has reported that MATLAB has been used successfully for the following: computational mathematics, algorithm development, modeling, simulation, prototyping, data analysis, exploration, visualization, scientific and engineering graphics, and application development, including Graphical User Interface building [21] . The use of MATLAB (Matrix Laboratory) to calculate quenching performance, including heat transfer properties, from cooling temperaturetime curves is the focus of the work reported herein.
This article describes cooling curve data acquisition and comparison of aspurchased (no antioxidants) canola oil, palm oil, and two commercially available petroleum oil quenchants. These cooling curves were using the multiple TC Tensi probe, which is also described. However, these data were used because of their availability. For the work described in this particular study, only the time-temperature cooling data obtained for the centerline TC was used. The centerline temperature-time data files were then used for the computation of the heat transfer properties of these selected quenchant examples using MATLAB. The details of this computational work will be presented and described sequentially to enable the reader to readily perform similar computational work.
Background of Quenchants Studied
The two vegetable oils used for this work, canola oil and palm oil, were purchased at the local market in Sao Carlos, Brazil and were used in the as-purchased condition without the addition of antioxidants. Quenching performance of these oils was compared to two commercially available quenching oils: HoughtoQuench 100 (a conventional "slow" oil) and HoughtoQuench KM (HKM, an accelerated "fast" oil).
Cooling curves were obtained under unagitated conditions according to ASTM D6200-01 at bath temperatures of 40°C, 60°C, 80°C, 100°C, and 120°C [14] . However, instead of the standard 12.5-mm-diameter X 60-mm cylindrical INCONEL 600 assembly specified in ASTM D6200, a multiple TC probe assembly (Tensi probe) shown in Fig. 1 was used. For the MATLAB computations discussed here, data collected from the center TC were used to characterize the heat transfer characteristics of four quenchants. It is important to note that the time-temperature TC data obtained from the multiple-TC Tensi probe were used because they were available. For the work described herein, only the center TC time-temperature data were used because that was the only data necessary for the lumped-parameter computational approach utilized. For this work, the surface TC data were not used for the computations. The centerline TC data were used to better approximate the data attainable from the Inconel 600 single TC probe described in ASTM D6200, ASTM D6482, and ASTM D6549.
After heating the probe in a furnace to 850°C (1,562°F), it was then manually and rapidly immersed into 2,000 mL of the oil to be tested, which was contained in a tallform stainless steel beaker as required by the ASTM cooling curve standards. The probe cooling temperature and cooling times were obtained at a data acquisition rate of 8 Hz, saved on disk storage, and used to establish a cooling temperature versus time curve.
(This temperature-time data file was also used for the MATLAB computational work described in what follows.)
MATLAB Computational Methodology
MATLAB is a popular multi-paradigm commercial numerical computing and visualization environment developed and marketed by MathWorks, Inc. [22] . Furthermore, MATLAB is often preferred by engineering departments and is heavily used by some industries. In addition to these general advantages, MATLAB was used for this work because it is preferred for much of the computational development work at the author's university. However, the models developed here could be adapted for use with Excel and other computational programs, if desired.
MATLAB has hundreds of built in functions that can be used for technical computing, graphing, and animations including the following:
• linear algebra computations, • data analysis, • signal processing, • optimization, and • numerical solution of ordinary differential equations.
MATLAB may be used for a wide variety of tasks including matrix manipulations, data analysis, and plotting. While it is powerful and relatively easy to use as an interactive computing and plotting environment, its greatest potential is in the development of reusable scripts and m-function files.
In this article, MATLAB was used to calculate quenching performance, including heat transfer properties (HTC), from experimentally measured temperature-time data for two vegetable oils and two commercially available conventional and accelerated petroleum quenchants. Excel might have been used for this work in view of its relative popularity and ease of use; however, it is much less powerful, especially for computations involving very large data sets.
COMPUTATION OF HTCs FOR DIFFERENT QUENCHANTS
In this article, it was assumed that the volume of the vegetable oil quenchants was large enough that its temperature was assumed to remain constant at room temperature. It was further assumed that the density, specific heat capacity, and thermal conductivity of the Inconel probe were constant throughout the quenching process.
Under equilibrium heat exchange conditions, when the probe is immersed into the quenchant, the heat lost by the probe through its surface by convection is equal to the decrease in the internal energy of the probe. This is effectively the lumped heat capacity approach for computing the HTC reported previously by Narazaki et al. [23] and Funatani, Narazaki, and Tanaka [24] previously and is the approach used for this work.
Specifically heat lost by the probe is computed as
where h is the effective HTC (W/m 2 K), A is the surface area of probe, T is the instantaneous temperature of probe, and T s is the temperature of the quenchant.
The decrease in internal energy of the probe is computed as
where ρ is the density of probe material, V is the volume of the probe, C p is the specific heat capacity of probe material, and (J/kg.K), dT/dt is the cooling rate of the probe.
Under equilibrium conditions and assuming minimum heat losses in the process, heat dissipated by probe equals heat absorbed by equivalent displaced volume of quenchant, i.e., Eq 1 = Eq 2. Because the only unknown in the two equations is the effective HTC, the terms were rearranged into the following relationship (Eq 3) and coded in MATLAB to compute the respective HTCs at various time stations in the quenching process, as well as HTCs at different temperatures during the quenching process.
A MATLAB script similar to the one shown in Appendix A was used for reading EXCEL files in order to extract temperature-time data for analysis in this study. The script in reference, while more detailed, is shown here for brevity. All precautions were taken to ensure that the script could account for different time ranges for different thermocouples and different quenchants.
The following snippet of MATLAB code shows the steps for using temperature-time data for canola oil to compute the surface HTC using readings from the center probe only. Similar scripts were used for the other combinations of oil and TC. Thermal physical properties for the Inconel probe were obtained from Hosaeus et al. [25] and de Souza et al. [26] .
Cp and density values implemented in Eq 3 were evaluated as a function of temperature, that is, respectively Cp = f ðTÞ (4) ρ = f ðTÞ (5) Curve fitting procedures were implemented in MATLAB to compute an empirical polynomial function that fits best fit data from Ref. [25] to the following functions: Cp = −2.89845 Ã 10 −7 T 3 + 3.45198 Ã 10 −4 T 2 + 0.10302T + 450.75521 (6) ρ = −8.52341 Ã 10 −5 T 2 − 3.06597 Ã 10 −1 T + 8,403.87017 (7) In the MATLAB codes for computing the HTC for the various quenchants according to Eq 3, values of specific heat and density for the Inconel probe were computed at the reference temperature in accordance with the fit polynomials in Eqs 6 and 7, respectively.
Biot number is the ratio of L*h/k, where L is the ratio of the volume to surface area of the probe; h and k are the surface HTC and thermal conductivity of the probe. In this study, because of the relatively small TC size, it was practical to assume that the Biot number was small [23, 24] . For larger TCs, or quenching conditions involving large Biot numbers, it would be prudent to explore the potential improvement of the lumped capacity method by using inverse heat transfer techniques.
In order to accommodate larger TCs, it will become necessary to include thermal conductivity effects across the section of the TC. Specifically, it will be necessary to treat thermal conductivity (k) as a function of temperature: k = f ðTÞ (8) Thermal conductivity values from Ref. [25] were also curve fit using MATLAB and the following empirical relationship: k = 3.14833 Ã 10 −6 T 2 + 1.67717 Ã 10 −2 T + 12.50997 (9) The results extracted from the computations of HTCs are summarized in graphical summaries shown in the results section of this article. A subset of HTC versus temperature data for the four quenchants in this study are summarized in tables in the results section. The subset of data shown corresponds to the range for which the heat transfer behavior exhibit maxima.
Results and Discussion
The following is a summary of the results obtained from this study. Again, the focus was the data collected from the center TC of the multi-TC Tensi probe illustrated in Fig. 1 . The centerline cooling time-temperature curves for palm oil, canola oil, and the HKM (fast) and H100 (conventional) petroleum quenchants are shown in Fig. 2 . The corresponding cooling rate curves are shown Fig. 3 .
Visual inspection of the cooling time-temperature curves and the cooling rate curves shown in Figs. 2 and 3 , respectively, indicate that canola oil appears to cool with little or no film boiling behavior as indicated by extended slow cooling upon initial immersion. However, the cooling behavior for palm oil, also a triglyceride vegetable oil structure, does exhibit a significant film-boiling cooling region very similar to the HKM fast petroleum quenching oil. The conventional petroleum quenching oil, as expected, exhibited the longest duration of film boiling of the four quenchants evaluated.
It is important to note that petroleum oil quenchants are formulated with petroleum oil fractions that exhibit a range of boiling points and behaviors. Therefore, film boiling is expected for the petroleum oil-derived quenchants. However, vegetable oils do not boil. Instead, they oxidatively degrade above their smoke points. Because vegetable oils do not boil, such evidence of significant film boiling as exhibited by palm oil in this work is unexpected and most likely caused by the presence of volatile contaminants arising from the refining process used to produce this oil.
Surface HTCs were derived from the centerline cooling time-temperature data as discussed earlier in the MATLAB computational section of this article. The maximum HTC (HTC max ) coefficients obtained for each fluid tested were plotted as a function of time and are shown in Fig. 4 . The cooling time for the maximum heat transfer to occur (t max ), the surface temperature at which the maximum heat transfer occurs (T max ), and the magnitude of HTC max are summarized in Table 1 .
Comparison of the HTC data shown in Fig. 4 and Table 1 shows that canola oil does exhibit a comparatively short film boiling behavior that transitions to nucleate boiling at a relatively high temperature. However, these data do confirm that palm oil does (unexpectedly, because vegetable oils do not boil) exhibit relatively long film boiling behavior that transitions to nucleate boiling at a much lower temperature than canola oil. Additionally, the HTC max for canola oil occurs after a shorter time and with a larger magnitude than the path observed for palm oil.
The fast petroleum oil (HKM) exhibited a significantly shorter film boiling duration than the conventional petroleum oil quenchant (H100), and its HTC max was the largest of all of the fluids studied. Interestingly, whereas the transition times were nearly the same for both palm oil and HKM, the HTC was much larger. The HTC max was the lowest of the fluids studied.
The longer cooling times (t max ) and the lowest HTC max are important measures that suggest that the conventional (slow) petroleum max provides the greatest stability to distortion and resistance to cracking of the fluids evaluated.
It is very important to put the results shown for vegetable oils in context because vegetable oils (if present in "pure" triglyceride oil) do not boil. The highest cooking (use) temperature for a vegetable oil is limited by the temperature at which the oil begins to smoke. Typical smoke points for common vegetable oils may vary from 121°C to >232°C (250°F to >450°F). The exact smoke points cannot be cited because of the normal compositional variation, refining method, seed variety, and even climate and weather during the plant's growing season. However, typical smoke points for common vegetable oils are as follows: safflower oil, 163°C-177°C (325°F-350°F); corn oil, 204°C-213°C (400°F-415°F); peanut oil, 216°C-221°C (420°F-430°F); cottonseed oil, 218°C-227°C (425°F-440°F); canola oil, 224°C-229°C (435°F-445°F); and sunflower and soybean oils, 227°C-232°C (440°F-450°F) [27] . At atmospheric pressures and temperatures greater than the smoke point, vegetable oils degrade; they do not boil.
However, commercially available vegetable oils are not pure single component fluids, but they contain a range of different triglyceride structures, which are dependent on the particular seed oil. Normally, they are refined by a variety of possible methods, but even after refining, they may still potentially contain small quantities of by-products. (Typical refining and purification practice and composition of commercial palm oil is described in Ref. [28] .)
In addition to monoglyceride and diglyceride structures, vegetable oils may also contain free fatty acids, tocopherols, sterols, phenolic compounds, phospholipids, and other variants as well as low concentrations of water [29, 30] . Some of these compounds contribute to potential volatility, which may be observed as film boiling during immersion quenching by hot steel. Unless the as-purchased vegetable oils are further purified, they all contain a number of these potential by-products at varying concentrations depending on the refining process and its effectiveness. All of the vegetable oils reported here were used in the as-purchased condition. However, based on the cooling curves shown here where canola oil exhibits a comparatively very short film boiling behavior compared to palm oil, it is concluded that the palm oil used for this work contains sufficient nontriglyceride impurities to exhibit the apparent film boiling observed. The canola oil used for this work exhibited minimal film boiling behavior compared to palm oil; this suggests that it would provide more uniform cooling. Additionally, increasing film boiling behavior may indicate increasing potential for distortion and cracking during increasing nonuniformity of surface thermal gradients [31, 32] .
Conclusions
The results of this study show that MATLAB can be used as a reliable tool for computing HTCs for different quenchants from their centerline time-temperature (cooling curve) data. Once the main scripts are established, optimization to match the thermal-physical nature of quenchant and probe can proceed quickly.
These calculations primarily involved solving systems of equations by using sufficiently small time steps through the cooling process. Furthermore, it was necessary that the probe size be much smaller than the volume of the quenchant. If these conditions do not effectively represent the true quench conditions, then it would be necessary to adjust the heat transfer computation equations to account for larger probe sizes of probes whose TCs are not aligned with the centerline of the probe. This assertion would be in line with the role of the Biot number, which scales directly with the product of HTC and the characteristic dimension of the probe and inversely with the thermal conductivity of the probe material.
The HTC data obtained from these calculations do provide a relatively quick and effective comparison of vitally important behaviors of a quenching medium.
It is important to note that although multiple TC probe data were used because of their availability, it was NOT our objective to utilize the surface TC data in this project. Instead, the objective was to develop a computational process that could be used for the current single TC INCONEL 600 cylindrical probe (12.5-mm diameter by 60 mm) currently specified for use in ASTM standards: ASTM D6200 [14] , ASTM D6482 [15] , and ASTM D6549 [16] . However, the Tensi probe was initially developed by Tensi to model surface cooling mechanisms and their effect on quench uniformity; a future project to develop a simulation algorithm for checking the temperature differences between each TC placement of this probe during the cooling process would undoubtedly be interesting [31, 32] .
It is also important that one should not rely on the use of selected HTCs alone to evaluate quenching performance. This work has shown that the comparative inspection of the overall cooling profiles (cooling curves) is also important. For example, it was shown that canola oil, in view of its minimal film boiling behavior, would be expected to provide the most uniform interfacial cooling behavior. The pronounced film boiling behavior of palm oil was unexpected for the palm oil that was used in the as-purchased condition for this work. Furthermore, the cooling behavior of the palm oil used suggests that it is either poorly refined or contaminated.
It should be noted that the use of HTCs calculated from centerline TC data is limited to the use of relatively small probes, less than or equal to approximately 15 mm because of the errors typically involved. Therefore, application of the code developed here is limited to small diameter probes such as the 12.5-mm-diameter INCONEL 600 probe utilized for ASTM D6200, ASTM D6482, and ASTM D6549. Calculations of HTCs for probe diameters larger than approximately 12.5-15 mm typically require the use of at least a surface TC and often other TCs placed at different mid-radius positions in order to obtain optimal precision and accuracy as discussed in Refs. [17, 18] .
Finally, to facilitate the application of the lumped-parameter computational approach reported here, the MATLAB computation code is shown in the Appendix.
Further Work
This work is part of an ongoing research project to utilize the computational features of MATLAB for analysis of various heat treating problems such as quenching performance.
(1) The data used for this work were obtained using the Tensi multiple TC probe shown in Fig. 1 . Although similar to the probe described in ASTM D6200 that utilizes a single TC inserted to the geometric center of a 12.5-mm-diameter by 60-mm-long solid INCONEL 600 cylinder, the Tensi multiple TC probe is nominally different than the Tensi multiple TC probe based on a 15-mm-diameter by 45-mm-diameter INCONEL cylinder. Data from this probe were used simply because they were available. The final objective is to modify the computational code described in this article for routine use with the ASTM D6200 probe, which will have much greater applicability to the industry. (2) A simulation algorithm for checking the temperature differences between each TC placement of the multiple TC Tensi probe during the cooling process would undoubtedly be an interesting method for quantifying and visualizing surface cooling gradients and quenching nonuniformity.
The script has the flexibility to read different vector lengths of data, as shown in the cooling rate trends for the two oils. The time range is different, but this does not cause issues with MATLAB as long as the length of the corresponding temperature data matches the length of the time data.
%Read the data from RS EXCEL data files %Create vectore corresponding to quenchants, then generate cooling curves mat1 = xlsread('SampleData','Canola oil'); mat2 = xlsread('SampleData,'Palm oil'); t11 = mat1(:,1); %time column for Canola oil T12 = mat1(:,2) %Temp of center probe Canola oil t21 = mat2(:,1); %time column for palm oil T22 = mat2(:,2); %Temp of center probe palm oil % plot(t11,T12,'k.') hold on plot(t21,T22,'k') legend('Canola oil center','palm oil center') xlabel('time in s') ylabel('Temperature deg C') grid A more practical script for handling four different sheets corresponding to the four quenchants covered in this study was derived by extending the script shown previously to generate cooling curves shown in Fig. 2 .
